In 1957, Margoshes and Vallée 1 discovered a new type of protein, which seemed to contain metal ions in its structure. However, the first paper confirming the presence of cadmium in an isolated protein, named metallothionein (MT), was only published in 1960 by Kagi and Vallée. 2 Metallothioneins are proteins with low molecular mass, rich in cysteine residues and extremely reactive to bivalent metals. 3 These proteins are responsible for processes related to both intracellular absorption and the regulation of biologically essential elements, such as zinc and copper. MTs are also responsible for cell protection from toxic elements, such as cadmium and mercury. 4, 5 Metallothioneins are present in mammals and also in eukaryote and prokaryote organisms. 3, 6 In the majority of animal species, MTs are abundant in the liver, pancreas, intestines and kidney tissues. The concentration of these proteins depends on both the species and the tissues, and reveals the diet effect in each organism. 7 Metallothioneins are usually determined by employing classical methodologies, such as metal-ligand assays with mercury 8 and cadmium. 9 Among those classical methodologies are also found electrochemical techniques based on the quantification of MT fractions via the oxidation of sulfhydryl groups, 10 and also immunology techniques, such as radioimmunoassay 11 (RIA), and enzymatic assays in sorbents 12 (ELISA). However, methods involving metal saturation or electrochemical techniques undertake interferences due to oxyreduction reactions of other species present in the samples, 12 what makes them inefficient to quantify the metal concentration in the isoforms. 13 This drawback was overcome when anionexchange high-performance liquid chromatography (HPLC) was employed in the separation of the two main MT isoforms. 14 Subsequently, reverse-phase HPLC was also employed to improve the resolution in the separation of isoforms.
(ELISA). However, methods involving metal saturation or electrochemical techniques undertake interferences due to oxyreduction reactions of other species present in the samples, 12 what makes them inefficient to quantify the metal concentration in the isoforms. 13 This drawback was overcome when anionexchange high-performance liquid chromatography (HPLC) was employed in the separation of the two main MT isoforms. 14 Subsequently, reverse-phase HPLC was also employed to improve the resolution in the separation of isoforms. 15, 16 HPLC was coupled to atomic absorption spectrometry (AAS) by using a T-shaped interface to determine Cd, Zn and Cu in MT from rabbit liver in µg g -1 level. 17, 18 Other couplings, such as RP-HPLC with inductively coupled plasma mass spectrometry 19, 20 (ICP-MS) and RP-HPLC with electrospray mass spectrometry 21, 22 (ES-MS), were also proposed for the separation and determination of Cd and Zn in MT. Nevertheless, certain demands related to the utilization of organic solvents and column specificities restrict the use of RP-HPLC as a separation method. 23 In the last decade, capillary-zone electrophoresis has been successfully employed in the separation of proteins and peptides, especially for those with low molecular mass. 24, 25 Despite its high efficiency, capillary electrophoresis (CE) presents some limitations related to the low sensitivity of UV detectors, which are widely employed in CE. 26 In this sense, it is not unexpected that several efforts have been made to couple CE with ICP-MS in order to overcome sensitivity limitations. However, there are some practical aspects, such as capillary positioning in the interface, flow rate of both the make-up solution and the nebulization gas, etc., which should be suitably defined to make this coupling feasible. 27 The interface coupled to the nebulizer should not affect the electrophoretic separation and, concomitantly, should allow efficient sample aerosol transport to the plasma. 28 The nebulizer efficiency depends on the type of sample analyzed. 29, 30 Some general schemes concerning droplet-size characterization, droplet-size distribution, aerosol-droplet distribution, typical droplet sizes with various nebulizers and gases are available in the literature. 31, 32 Several types of interfaces employing different nebulizers, such as concentric, (CPN) 33, 34 micro-concentric (MCN), [35] [36] [37] [38] direct injection (DIN), 39 high efficiency (HEN), 26, 40 ultrasonic 28, 38 and Babington, 41 have been developed and applied for organometallic and inorganic ion speciation. CE-ICP-MS coupling has also been applied for MT separations employing different nebulizers. 42 In this context, Mounicou et al. 43 have compared CE-ICP-MS and CE-ES-MS systems for the characterization of MT reference solutions. Chassaigne et al. 44 have also evaluated an interface employing a micro-concentric nebulizer for the characterization of MT in reference solutions. In the interface described by Prange et al., 45 an MCN from CETAC was used. A high resolution for MT in human brain cytosols was obtained employing the CE-ICP/SFMS system. The detection limits for Cd were 0.8 ng mL -1 in MT-I and 1.8 ng mL -1 in MT-II. The repeatability in terms of the migration times and the peak heights were less than 2% and 20%, respectively.
The present article describes a hyphenated CE-ICP-MS system for the separation and identification of Cd complexes in referenes solutions, in metallothionein isoforms obtained from rabbit liver samples, and in metallothionein isolated from the cyanobacterium Synechococcus sp. PCC7942.
Experimental

Reagents and chemicals
All reagents were of analytical grade and all solutions were prepared with deionized water (18.2 MΩ/cm) obtained from a Milli-Q system (Millipore, Milford, USA). Stock solutions of 1 mol L -1 were prepared from CdCl2, MgCl2, KCl, NaCl, ethylenediamine tetraacetic acid (EDTA) (Merck, Darmstadt, Germany). Stock solutions of 1 mol L -1 of dithiothreitol (DTT), and phenylmethanesulfonyl fluoride (PMSF) and 1% (w/w) of sodium dodecyl sulfate (SDS) (Sigma-Aldrich, St. Louis, USA) were also prepared. Standard solutions from rabbit liver MT as well as from rabbit liver MT-I and MT-II (Sigma-Aldrich, St. Louis, USA) were prepared by dissolving reagents in Milli-Q water to obtain a concentration of 1 mg mL -1 .
A 50 mmol L -1 Tris-HCl (Sigma-Aldrich, St. Louis, USA) buffer solution (pH 9.0) was prepared by dissolving appropriate amounts of chemicals in water. Afterwards, the pH was adjusted by the dropwise addition of 0.1 mol L -1 NaOH (Merck, Darmstadt, Germany) solution. All buffer solutions were prepared daily and filtered on a 0.22 µm filter.
Solutions of Cd-cysteine were prepared by mixing a 30% (w/w) cysteine (Sigma-Aldrich, St. Louis, USA) with 5.0 and 10.0 mg L -1 Cd 2+ . After 12 h, the solutions were analyzed by a CE-ICP-MS system.
Bovine serum albumin (BSA) from Bio-Rad and the Bio-Rad Protein Assay Kit (cat. No. 500-0002, Bio-Rad, Hercules, USA) were employed for quantitation of the total protein extract. The Sephadex G-75 resin (Princeton Separation, Adelphia, NJ, USA) was used for size-exclusion separation and purification of the proteins. The eluent solution was 10 mmol L -1 ammonium carbonate buffer (Merck, Darmstadt, Germany) plus 5 mmol L -1 2-mercaptoethanol (Sigma-Aldrich, St. Louis, USA).
ICP-MS and CE instrumentation
A VG Plasma Quad PQII (VG Elemental, Winsford, UK) was equipped either with a concentric pneumatic nebulizers (J. E. Meinhard Associates, Inc., Santa Ana, USA) or a microconcentric Model MCN-100 (Cetac Technologies, Omaha, USA), which were coupled to a Scott double-pass spray chamber. The ICP-MS parameters were optimized by using a standard solution containing 20 µg L -1 of Be, Mg, Co, In, and Pb (Spex Ind., Edison, USA).
The ICP-MS operating conditions for all measurements are listed in Table 1 .
The homemade CE system comprised a high-voltage power supply (Spellman, Model CZE 1000R, Hauppauge, NY, USA) with a capacity to reach up to 30 A Hewlett-Packard 8415A diode-array spectrophotometer equipped with a Hellma 10-mm quartz cell was used to quantitate the total protein contents at 254 nm, and a lyophilizer (LabConco Freeze Dryer 8, Kansas City, Missouri, USA) was used to dry-out the samples.
Biological sample preparation
Cyanobacterial strain and growth conditions. The unicellular cyanobacterium Synechococcus sp. strain PCC 7942 was kindly provided by Professor D. Laudenbach from University of Western Ontario, London, Ontario, Canada. The strain was maintained in BG-11 medium 46 at 28˚C under constant coolwhite fluorescent illumination of 40 µE m -2 s -1 . Four 1-L Erlenmeyer flasks containing 500 mL of BG-11 medium were inoculated with 10 mg dry-weight (5 mL liquid culture) of a 20-day-old Synechococcus PCC 7942 culture, which was grown under the same conditions described above. After 15 days, 5.0 µmol L -1 Cd 2+ was added to two of them. Two Erlenmeyer flasks containing BG-11 medium with no metal addition were used as negative controls. The cells were harvested three days after metal addition. Extraction of metal-containing proteins. The total protein of 20-day-old Synechococcus PCC 7942 culture was extracted after the following procedure. Cells from an 100-mL culture medium were collected by centrifugation (12.000 × g for 5 min Part of the supernatant was lyophilized in aliquots of 1 mL and stored at -20˚C until further fractionation and CE separation. The rest of the supernatant was used to determine the total protein content in the supernatant before and after Cd addition. The total protein concentration was quantified using the BSA standard and determined by the Protein Assay Kit. Fractionation of proteins and UV monitoring. Aliquots of 1 mL of the lyophilized supernatant, with and without Cd, were dissolved in 1 mL of Tris-HCl and separated on a Sephadex G-75 column (1 × 60 cm). The elution was performed using 75 mL of a solution containing 10 mmol L -1 ammonium carbonate buffer plus 5 mmol L -1 2-mercaptoethanol at a flow rate of 0.25 mL min -1 . Fractions of 2 mL were collected and analyzed at 254 nm for total protein quantitation.
The fraction corresponding to the molecular mass between 6000 -7000 Da 42 were lyophilized for the speciation of MT isoforms in the proposed CE-ICP-MS system. CE-ICP-MS interface. The homemade CE-ICP interface shown in Fig. 1 was machined in an acrylic block by drilling 500 µm i.d. channels, as described elsewhere. 47 An electrophoresis capillary was inserted through the central channel of the interface reaching the nebulizer. A platinum wire electrode was inserted into the interface perpendicularly to the capillary, and connected to the negative electrode of the high-voltage power supply. The electrolyte solution filled the capillary at the same time that it was pumped as make-up solution through the interface, assuring electrical contact to perform CE separation. The make-up solution was used to compensate the pneumatic nebulizer self-aspiration in order to avoid any laminar flow inside the capillary. The optimized flow rates through the CPN and MCN nebulizers were 2.0 mL min -1 and 75 µL min -1 , respectively. A lateral auxiliary channel W was eventually employed to remove air bubbles when the CPN nebulizer was used. This channel was also used to minimize backpressure from the MCN nebulizer.
Sample injection by self-aspiration of the CPN nebulizer was carried out as reported by Majidi and Miller-Ihli. 48 Briefly, the pumping of the make-up solution was stopped for 10 s, letting the suction action of the nebulizer through the capillary to aspirate the sample solution. When the MCN nebulizer was used, the sample injection was performed hydrodynamically by raising the vial 20 cm above the outlet level for 10 s. Analyte separation was carried out applying 15 kV (60 µA) at the CE inlet and simultaneously starting the monitoring of signals at m/z 114 in the ICP-MS. The capillary was conditioned every three runs by pumping, at 0.1 mL min -1 , a sequence of 0.1 mol L -1 NaOH (1 min) and the carrier electrolyte (1 min) solutions.
Results and Discussion
UV determination of Synechococcus PCC7942 MT proteins after fractionation
The analytical method used to purify proteins allowed a suitable identification of bacterial proteins for subsequent chemical analysis by UV. For each sample, several fractions of 2 mL were collected and analyzed to measure the proteins at 254 nm. As it can be observed in Fig. 2 , sample aliquots ranging from 20 to 56 mL presented the highest concentrations of the proteins. In order to evaluate the interaction between Cd and MT's, cell aliquots were homogenized in the presence of 5.0 µmol L -1 Cd 2+ during sample preparation. The Cd concentration was estimated according to Takatera and Watanabe. 49 The peak heights corresponding to the total protein concentration for cyanobacterial cells grown in the presence of 5.0 µg L -1 Cd 2+ (Fig. 2a) were lower than those obtained with cells grown with no Cd addition (Fig. 2b) . The decrease in the total protein concentration indicated that the addition of Cd affected the growth of cyanobacterial cells. Thus, based on the total protein determination, when Cd was added, the total protein concentration diminished from 160 to 80 µg mL -1 . Afterwards, 2-mL fractions, collected between 20 to 65 mL, were pooled together and kept at 4˚C for further identification of Cd bounded proteins by CE-ICP-MS system. (1) and (2) region of highest protein concentration.
Speciation of Cd in proteins by CE-ICP-MS
Capillary electrophoresis is a fast and powerful separation technique, but presents poor concentration sensitivity due to the small optical path of the UV detectors widely employed in CE. Thus, this technique has been associated with other techniques to overcome this drawback. Hyphenated systems require a very thorough and efficient coupling to guarantee good system performance. In this work, ICP-MS has been used to improve analytical performance for the trace analysis of metals bound to organic molecules, such as Cd in MT isoforms obtained from cyanobacterium.
The introduction of analytes emerging from the capillary into the ICP-MS was maintained as stable as possible. Two kinds of nebulizers were tested, and the efficiency of the nebulization was investigated by varying the make-up solution flow rate. For the CPN nebulizer, the best make-up solution flow rate was 2.0 mL min -1 . The separation was carried out by monitoring the m/z 114, corresponding to 114 Cd. After three measurements, the outlet interface W (Fig. 1 ) was opened to remove any air bubbles formed at the electrode surface with a flow-rate of 0.1 mL min -1 .
The separation of bound and free Cd ions in solutions containing 5.0 µg L -1 Cd 2+ and 5.0 µg L -1 Cd 2+ + 300 mg L -1 cysteine, respectively, was attained by CE-ICP-MS using the CPN nebulizer. The migration times for free and complexed Cd ions were 5 and 7 min, respectively (Figs. 3a and 3b ). The electropherogram with both peaks was obtained in less than 8 min. The precision for both the migration time and the signal intensity for the determination of 1.0 mg mL -1 metallothionein was characterized by RSD < 2% (n = 3).
The electropherogram corresponding to Cd-MTs from a rabbit liver reference solution is shown in Fig. 4 . The signal profile indicated the presence of Cd complexed in two isoforms, Cd-MTI and Cd-MTII, as reported in the product composition. The poor resolution of the signal corresponding to both isoforms was attributed to the high flow rate from the CPN nebulizer. In order to improve the sensitivity and resolution for both isoforms signals, Cd-MTI and Cd-MTII, the CPN nebulizer was replaced by a low-flow MCN nebulizer. In this case, the electrolyte solution was pumped at the nominal flow-rate of 75 µL min -1 under 413.7 kPa of Ar pressure. However, due to the small dimensions of the MCN capillary, the backpressure inside the electrophoresis capillary was extremely increased. This drawback was overcome by using the interface outlet W as a dumping channel, which was maintained opened during all runs to release the backpressure by aspiration with a peristaltic pump at 0.01 mL min -1 flow rate. After each run, air bubbles generated on the electrode surface were carefully removed by aspiration through the W outlet, increasing the flow rate up to 0.05 mL min -1 . Higher flow rates were not used, since they also aspirated the make-up solution emptying the interface.
The Cd-MTs from rabbit liver and the bacterial sample were analyzed by the CE-ICP-MS system with MCN, the results are depicted in Figs. 5 and 6, respectively. The migration times for the MT species were increased when the flow rate of electrolytic solution was decreased from 2.0 mL min -1 to 75 µL min -1 . As can be seen in Fig. 4 , the migration time using a CPN nebulizer was smaller than that obtained with MCN nebulizer (Fig. 5) . In other words, the use of a micro-flow nebulizer proved to be a more convenient approach to minimize laminar flow inside the CE capillary.
Comparing the electropherograms from Figs. 5 and 6, it is possible to observe that the migration times for Cd-bound from the rabbit liver sample (Fig. 5 ) and for Cd-bounded protein from Synechococcus PCC7942 (Fig. 6) were similar. The signal correspondent to Cd-bound protein (Fig. 6) showed that Cd addition induced the formation of a Cd-MT complex in the bacteria.
On the other hand, no MT was detected in cyanobacterial cells grown in the absence of Cd. The low signal/noise ratio at m/z 114 was expected, since Cd addition strongly reduced the cell growth (Fig. 6) . The electropherogram corresponding to the isoforms Cd-MTI and Cd-MTII from rabbit liver presented an enhanced sensitivity, since the detection limit (3σ) of Cd in rabbit metallothionein was estimated to be 1 and 0.1 ng mL -1 using CPN and MCN nebulizers, respectively. In terms of the resolution, both nebulizers provided poor results when compared to those obtained by Prange et al. 45 with the MCN modified interface for MT speciation.
The Cd-MT from rabbit liver also presented a higher Cd signal (10 3 raw counts) than Cd-MT from Synechococcus PCC7942 (approximately 28 raw counts). These data suggest that rabbit MT may have bound more Cd than ynechococcus MT. This hypothesis is supported in the literature. Daniels et al. 50 reported that mammaliam MT had more metal-binding sites than cyanobacteria MT, i.e., 33% and 16% Cys residues, respectively. Moreover, according to Kägi, 51 mammalian MT binds seven metal ions exclusively to the thiolate groups of cysteine residues in two separated clusters, α-domain and β-domain. While in the α-domain there are four metal atoms, which are bound to 11 cysteines, and five of which bridge the metals (M4Cys11), the β-domain has three metal atoms and nine cysteines with three bridges (M3Cys9).
A recent study conducted by Blindauer et al. 52 revealed that the structure of Synechococcus PCC7942 MT had an inorganic core in which four metal ions were coordinated by both, Cys-sulfur and Hisimidazole ligands in an M4Cys9His2 cluster. These authors also found that the inorganic core of this cyanobacterium MT strongly resembled the M4Cys11 cluster of the α-domain of mammalian MT, despite having different amino acid sequences.
Conclusions
The proposed CE-ICP/MS interface presented a good analytical performance, which was characterized by an RSD < 2% (n = 3) for CPN and 20% (n = 3) for MCN, and a detection limit of 1 ng mL -1 for CPN and 0.1 ng mL -1 for MCN. Despite the poor resolution, those results can be considered satisfactory, specially when considering that all of them were obtained with a very simple device, which can be easily machined in any technical workshop. Besides, all shortcomings related to the system coupling, such as electrical connections, proper grounding and, flow rate compromises were suitably overcome. The interface design also allowed for easily replaceability of the nebulizers, thus confirming their robustness. In terms of RDS, the results obtained with MCN were similar to those obtained by Prange et al. 45 A better analytical performance was obtained by MCN in terms of the nebulization efficiency (aerosol quality) when compared to CPN. Thus, the transport of the electrophoresisseparated species towards ICP was improved. The serious backpressure problem observed concerning MCN was overcome by using the proposed interface. The poor sensitivity obtained by CPN could be circumvented by employing an online preconcentration method for sample enrichment.
Both free and bound Cd species from standard and sample solutions were satisfactorily separated.
The procedure demonstrated the presence of thiol groups in cyanobacterium Synechococcus PCC7942 and the possibility of Cd-MT complex induction. Fig. 5 Transient signals corresponding to Cd-MT from rabbit liver measured at m/z 114 in the CE-ICP-MS system using a MCN nebulizer. Experimental conditions: electrolytic solution flow rate at 75 µL min -1 . Electrophoretic separations were maintained as described in Fig. 3 Fig . 6 Transient signal correspond to analytical signals of Cd-MT from a cyanobacterial sample using the MCN nebulizer. Electrophoretic separations were maintained as described in Fig. 3 .
